timbre have been difficult to define. As a result, Risset and Wessel (1999) point out that often a negative definition is used: timbre is the properties of a sound that are neither pitch (typically the fundamental frequency) nor loudness (overall amplitude). Perhaps as a result, the perception and analysis of timbre has received far less attention in the human music literature than pitch and loudness (for more general information, see Dowling & Harwood, 1986; Pierce, 1999) .
Nonetheless, timbre has important ecological relevance in that it is essential in identifying many natural sounds, such as distinguishing the crash of a wave in the ocean and thunder (Levitin, 2006) . Timbre is also the defining feature differentiating vowels in human language (Assmann & Nearey, 2008) . Across many animal species, timbre also changes the meaning of an utterance, with harsher, nonlinear vocalizations indicating more urgency (Blumstein, Davitian, & Kaye, 2010) . These nonlinearities have been shown in human infant crying and in many mammalian (Fitch, Neubauer, & Herzel, 2002) and avian species (Fee, Shraiman, Pesaran, & Mitra, 1998) suggesting that there may be some universal indicators of urgency within timbre across species.
Timbre has become increasingly important in the understanding of music. Levitin (2006) recently said "I believe timbre is now at the center of our appreciation of music" (p. 55). The properties of timbre, such as the slope of the initial attack or the spectral regularity of a sound, influences judgments of arousal and valence (Eerola, Ferrer, & Alluri, 2012) . Despite these changes in emotional judgments, a song performed with novel timbres, but the same overall pitch and temporal patterns, is recognizable as the same song. For humans, timbre has been referred to as a "surface feature," because it changes the feeling of a melody without changing its identification (Warker & Halpern, 2005) . Even neonates can detect the pitch of a stimulus regardless of its timbre (Háden et al., 2009) . Given the complexity of the waveforms involved, however, recognizing a song that is being performed with a different timbre is not a computationally simple task. An example illustrating this point has been the difficulty in creating automated software to recognize cover songs (e.g., see Ellis & Poliner, 2007) .
Previously, we investigated how black-capped chickadees (Poecile atricapillus) and humans (Homo sapiens) perceived different types of chords (Hoeschele, Cook, Guillette, Brooks, & Sturdy, 2012) . We found that both species could learn to discriminate several other types of chords from a major chord and transfer this discrimination to a novel key. Furthermore, both species showed similar patterns of errors among the different chords; thus, they may be attending to similar harmonic features within the chords. In that research, however, we tested only a single instrument or timbre (French horn). As a result, it was difficult to assess on what basis the chickadees were responding to the chords. If, on the one hand, chickadees, like humans, were relying on pitch information derived from the chord's triadic (three note) structure, we would expect them to be able to transfer their chord discrimination to novel timbres. If, on the other hand, the chickadees were learning to process spectral information from the chords, then transfer to chords of novel timbres might be difficult despite the same triadic structure. Attending to spectral details to solve the discrimination is possible because birds are especially sensitive to subtle changes in complex spectral stimuli (Lohr & Dooling, 1998) in addition to their abilities to detect changes in absolute (Weisman et al., 2012) and relative pitch Njegovan & Weisman, 1997) .
In order to determine what features controlled chickadees' abilities to discriminate chords and to determine whether humans and black-capped chickadees relied on the same features in determining chord type, in the current study we tested both species with chords composed of different timbres. We first trained humans and birds to discriminate different chords made from one instrument or timbre and then tested them for their transfer to the same chords made from novel timbres. Experiment 1 tested humans, and Experiments 2 and 3 tested chickadees. Because of the similarities among experiments, the general procedures are presented before the details of the specific experiments.
General Method

Stimuli
Training stimuli. Chords were software generated (Sonar 4, Cakewalk, Boston, MA) using synthesized MIDI timbres (Microsoft GS Wavetable Synth). All WAV files were created using a standard 16-bit, 44.1 kHz sampling rate and had 5-ms ramped onsets and offsets. Stimuli were triads composed of notes selected from the fourth or fifth octave (according to standard tuning where A4 ϭ 440 Hz). During training, the Sϩ (reinforced or go) stimulus was the C major triad (C E G) and SϪ stimuli (nonreinforced or no-go) consisted of semitone deviations of either the third (middle) and/or the fifth (top) note of the C major scale. Six such chord variations were tested. These consisted of a minor (min; C, E b , G), suspended (sus4; C, F, G), flattened fifth (flat5; C, E, G b ), augmented (aug; C, E, G # ), diminished (dim; C, E b , G b ), and raised third and fifth (sharp/sharp; C, F, G # ) chord. These chords were otherwise the same as those tested earlier (see Figure 1 ; Hoeschele, Cook, et al., 2012) , except for the addition of the diminished and sharp/sharp chords. We added these two new chords to further evaluate the subject's responses to changes in both the third and the fifth components of a triad.
Transfer and test stimuli. Transfer and test stimuli were either single notes, dyads, or triads generated using either a French horn, reed, trumpet, vibraphone, or violin synthesized MIDI timbre (Sonar 4, Cakewalk, Boston, MA) or using sinewave tones generated in Signal (version 5.10.24, Engineering Design, Berkeley CA).
General Procedure
Both humans (Experiment 1) and chickadees (Experiments 2 and 3) were trained using a go/no-go paradigm first to discriminate the C major from C minor, sus4, flat5, aug, dim, and sharp/sharp chords produced using a single timbre. The C major chord was presented on 50% of the trials and was the rewarded stimulus. The other stimuli were presented approximately equally and together made up the other 50% of the trials, which were unrewarded stimuli. Both species were then given probe trials (i.e., trials without feedback) using the same chords made with other timbres (French horn, reed, trumpet, vibraphone, violin, or sinewave) as well as single notes and dyads made with the French horn timbre. In Experiment 3, we added a transfer training phase for triads with either novel timbres or novel pitches for the chickadees before This document is copyrighted by the American Psychological Association or one of its allied publishers.
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2 HOESCHELE, COOK, GUILLETTE, HAHN, AND STURDY moving to the probe testing phase to see whether additional training influenced the way they responded.
Response Measures
To determine whether the chickadees and humans had successfully learned to discriminate among the chords, we calculated a discrimination ratio (DR) between the Sϩ chord and each SϪ chord. To calculate the DRs, we divided the percent response for the Sϩ chord by the sum of the percent response for the Sϩ chord and the SϪ chord of interest. A DR of 0.5 indicates equal responding to both Sϩ and SϪ, and a higher DR means more responding to Sϩ and a lower DR means more responding to SϪ. Percent response for chickadees was calculated by first excluding any interrupted trials from the total number of trials (see Experiment 2 Procedure).
Experiment 1: Humans
The purpose of Experiment 1 was to explore human perception for chord structure and timbre while using a procedure directly similar to those used to test the chickadees in Experiment 2. The goal was to study whether humans trained to discriminate different chord types within one timbre would transfer what they learned to novel timbres in a test without feedback. In our previous work (Hoeschele, Cook, et al., 2012) , we found that humans had consistent error patterns across different absolute pitches. Previous work with melodies has suggested that humans attend to pitch and can generalize what they learned to a novel timbre (Warker & Halpern, 2005) .
Following an initial screening for absolute pitch (AP) perception, different groups of participants were trained to discriminate among different chord types using one of several different timbres. After learning to discriminate the chords, the humans were transfer tested with chords of novel timbres to see how their discrimination was maintained across different timbres. Given prior findings, we expected the humans would have no trouble transferring their discrimination.
Method
Sixty-five undergraduate students (age range 18 -35 years) at the University of Alberta completed the task for course credit. Thirty-five reported taking private music lessons and nine reported taking group music lessons or being musically self-taught.
Apparatus and stimuli. Participants were tested using a laptop computer (Toshiba Tecra, Intel Pentium M processor and Intel 855 series chip set, Toshiba, Japan) equipped with Sennheiser HD 580 headphones (Sennheiser, Germany). Computer software (programmed in Visual Basic) tested the participants in a task directly comparable to the chickadees in Experiment 2 using the same chord stimuli. Participants had the option of adjusting the volume to a comfortable level using a dial at the front of the laptop (see Weisman et al., 2010) .
Procedure. After completing a survey about musical training, participants completed three auditory tasks.
Absolute pitch screening. We adapted our protocol from a procedure developed by Baharloo, Johnston, Service, Gitschier, and Freimer (1998) and extended by Athos et al. (2007) . In the note-naming tests, we identified AP possessors using Athos et al.'s (2007) scoring protocol: 1 point for each correct identification and 0.75 points for responses to notes Ϯ1 semitone from the correct note. Sinewave tones were synthesized at the frequencies of 40 notes randomly sampled from the 66 notes on the chromatic scale that spans the 5 1/2 octaves from C2 to G8, on the basis of A4 ϭ 440 Hz; each note was played for 1,000 ms (see Athos et al., 2007) . The actual notes presented were D#2, F2, F#2, G#2, A#2,  B2, C#3, D#3, E3, F3, G3, G#3, C4, C#4, D4, D#4, F4, F#4, A4,  C5, C#5, D5, E5, F#5, G5, G#5, A5, A#5, C6, D6, A6, B6, C#7,  D#7, F#7, B7, E8, F#8, G8, andA#8 . Because four of these sinewave tones lie above the notes on the piano keyboard, participants rarely named them accurately. In practice, therefore, the test consisted of 36 notes (see Athos et al., 2007) .
The AP testing began after a short 10-trial practice session acquainting participants with making mouse responses to the graphics on the screen and to allow each participant to adjust tone amplitude to a comfortable level. During the test, a participant clicked on the "play" button at the top of the screen, and heard a tone selected randomly without replacement from the 40 test tones. To "name" the musical note corresponding to a tone, the participant clicked on one of 12 black and white piano keys shown on the screen. The test continued without feedback until the participant heard all 40 tones. Chord training. Participants were then trained to discriminate the major chord (Sϩ) from the six comparison chords (SϪ). Sϩ and SϪ trials were selected randomly an equal number of times during training: the major chord was played 72 times, with all other chords played 12 times each. Thus, each test block consisted of 144 total trials. Each participant was trained with a single timbre Figure 1 . Musical notation of the chords used to train both humans and chickadees in all experiments. Sus4 is the suspended fourth chord and aug is the augmented chord. Note names are provided above the musical notation. The major chord is labeled Sϩ; all other chords are SϪ and are labeled either as manipulations of the third (the middle note), manipulations of the fifth (the top note), or manipulations of both third and fifth notes (middle and top). The first (root or bottom note) was the same for all chords during training. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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only. Participants were trained with either a French horn, reed, trumpet, violin, or sinewave timbre. Participants that were trained with a French horn timbre were further subdivided into two groups: one group was trained with chords produced in the fourth octave of the diatonic scale, and the other group was trained with chords produced in the fifth octave. All other groups were trained in the fourth octave of the diatonic scale. A two-button graphical interface was presented to participants. Participants initiated a trial by clicking on the button labeled with the words "play tone" to hear a chord. If the major chord played and the participant pressed the button labeled "Sϩ" the word "correct" appeared in a box adjacent to the Sϩ button as visual feedback. If the participant clicked the Sϩ button for any other chord, the word "incorrect" appeared in a box adjacent to the Sϩ button. If a participant failed to click the Sϩ button after either a go or a no-go tone, the trial terminated after 2 s without feedback. Participants were told that sounds had been placed in two categories, but were given no instructions how to categorize the sounds.
Chord transfer testing. Participants were presented with all possible training stimuli (the seven chord types in the fourth octave using a French horn, reed, trumpet, violin, or sinewave timbre and the French horn in the fifth octave) during the test phase. In addition, single notes (first, third, and fifth unchanged from the Sϩ, or shifted a semitone up, or shifted a semitone down) and dyads (all possible combinations of single notes) as well as the first inversion (lowest note moved up one octave, i.e., its frequency was doubled) and second inversion (lowest two notes moved up one octave) with the French horn timbre were presented. Each of the 92 stimuli in the pool were selected in a random order three times for a total of 276 trials.
Testing was conducted using the same go/no-go interface as training except that during testing the feedback box was hidden. Participants were told that they would no longer receive feedback, but that they should respond based on what they had learned during training. Any procedural questions about how to use the apparatus were answered accordingly. Any questions about the stimuli and categories were answered after testing; during testing participants were simply told to try their best.
Results and Discussion
Training. None of the participants met the cutoff for having AP (Ն 24.49 points in the Athos et al., 2007 tone labeling procedure). Fifty-three of the 65 participants met the training criterion (DR Ն 0.80 with at least one SϪ chord). Eight of the 21 participants that were not musically trained failed to meet criterion, and only four of the 44 participants receiving some form of musical training failed. As a result, successfully completing training was significantly more common in participants with musical training than those without training ( 2 ϭ 7.94, p Ͻ .05). All further analyses included participants that met the training criterion only. Figure 2 shows participants' performance over the 12 trials with each chord type (or the first 12 trials in the case of the major chord). We compared the DR for each SϪ chord type over the entire session in an analysis of variance (ANOVA; Chord Type ϫ Training Timbre). We found a main effect of chord, F(5, 43) ϭ 14.282, p Ͻ .001. However, there was no effect of timbre, F(5, 47) ϭ 1.867, p ϭ .118 or its interaction with chord type, F(25, 235) ϭ 1.365, p ϭ .122. Thus, human participants learned to discriminate among the chords with a similar response pattern regardless of the timbre used during training (see Figure 3 ). Tukey's post hoc tests among the chord types found that the sus4 chord (M ϭ 0.77) had a significantly lower DR than all other chords (i.e., the sus4 chord was less accurately discriminated from the Sϩ). The minor (M ϭ 0.82), aug (M ϭ 0.86), and sharp/sharp (M ϭ 0.85) chords had a significantly lower DRs than the flat5 (M ϭ 0.90) and dim (M ϭ 0.92) chords.
Testing-Novel chord timbres. All participants transferred the chord discrimination they learned to novel unreinforced timbres regardless of their training timbre. For each novel chord type (French horn, reed, trumpet, violin, sinewave, French horn first inversion, French horn second inversion, fifth octave French horn), we conducted a multivariate analysis of variance (MANOVA) with training timbre as a between subjects factor and percent response to each chord type as a within subjects factor. We used percent response, rather than DR, because we wanted to assess whether the participants responded differently to the major chord than the other chords. Because participants were trained with different timbres, we excluded participants from the analysis of the timbre that they had been trained with. Thus, each analysis included a different subgroup. For all novel timbres, there was a significant main effect of chord Fs(6,32-42) Ն 4.382, ps Յ 0.002. As a result, we conducted Tukey post hoc tests with al alpha of 0.05 to examine the differences in percent response among chords. Overall we found that the major chord was responded to consistently more than other chords (see Table 1 for details).
In one analysis only, for second inversion French horn chords, there was a main effect of training timbre F(5, 47) ϭ 3.856, p ϭ .005. A main effect of timbre shows that overall amount of responding varied among timbres, not necessarily specific to any single chord type. Tukey's post hoc tests showed that the group trained with the fifth octave French horn chords responded significantly more overall to the second inversion French horn chords as This document is copyrighted by the American Psychological Association or one of its allied publishers.
compared with the uninverted/untransposed French horn (p ϭ .003), reed (p ϭ .047), and trumpet (p ϭ .034) trained groups. Testing-Single notes and dyads. In general, participants responded to single notes and dyads found in the major chord. We conducted a MANOVA for all subjects in responses to all the dyads and single notes (36 stimuli in total). We found a significant main effect of stimulus type on responding F(35, 13) ϭ 3.02, p ϭ .018. There was no main effect of training timbre F(5, 47) ϭ 1.307, p ϭ .277. Unlike with the chords, we had no a priori hypothesis about differences in responding to the single notes and dyads, thus we conducted Bonferroni pairwise comparisons on stimulus type because it's a more conservative test. We found that a few stimuli were consistently responded to more than others (see Table 2 for details).
Summary. The majority of the human participants learned the chord discrimination within 144 trials, with musically trained individuals having an advantage. The pattern of errors among the different chords was similar to our previous study (Hoeschele, Cook, et al., 2012) . The most errors occurred with the sus4 chord, indicating its perceived greater similarity to the major chord than the other chords. Further, chords with alterations of the fifth were again discriminated better than those involving just alterations of the third. The new chords we added with changes to both the third and fifth resulted in responding that was no different than to chords with changes of the fifth only.
Participants who learned the task successfully generalized their discrimination of the chords to other instrumental timbres and pitches. In general, there were no differences among training groups in terms of how they responded to the novel timbres. Hence, the human participants were able to continue and abstract the triadic structure of the sounds despite substantial changes in the harmonic spectrum from what they learned.
When presented with single notes and dyads from the chords, humans responded most to those notes that retained the structure of the major chord. They also seemed to pay the most attention to the highest note of the chord in their responses, as they showed high responses to unaltered fifth alone (G), unaltered third and fifth together (E/G), and unaltered first and fifth together (C/G). This could explain why manipulations of the fifth are easier for participants to detect during acquisition of the task. Participants even responded higher to the G note when it was paired with E sharp compared to many other single notes and dyads. This particular combination of notes is present in the sus4 chord, which was the chord that was most difficult to discriminate from the major chord. In sum, humans were able to recognize and discriminate the harmonic structure of triads across a wide variety of timbres.
Experiment 2: Black-Capped Chickadees
Our earlier experiments (Hoeschele, Cook, et al., 2012) had determined that chickadees can also perform discriminations among different chord types and even transfer to new key centers (i.e., novel absolute pitch). The goal of Experiment 2 was to use the procedure from Experiment 1 to test whether the discrimination of such triadic structures by chickadees is also independent of the harmonic spectrum of the sounds. If so, the chickadees should 
Figure 3. Total number of responses to probe trials by humans (top panel, Experiment 1) and chickadees (bottom panel, Experiment 2) for each chord type and timbre with which participants had not been trained. Both humans and chickadees had been trained to respond to the major chord. Humans respond the most to the major chord for all timbres, whereas chickadees do not show a clear pattern of responding based on chord type. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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show the same ability to transfer their discrimination to novel timbres. We trained chickadees to discriminate among different chords of one timbre and examined if they would transfer to a novel timbre without feedback.
Method
Animals. Six black-capped chickadees (three male and three female as identified by DNA analysis; Griffiths, Double, Orr, & Dawson, 1998) were tested between January, 2010 and May, 2010. These birds were captured in Edmonton, Alberta, Canada (53°06= N, 113°04= W), and at the Barrier Lake Field Station in Kananaskis Country, Alberta, Canada (51°X02= N, 115°03= W) between February, 2008 and January, 2009. All birds were determined at the time of capture to be at least one year of age by examining the color and shape of their outer tail retrices (Pyle, 1997) . Prior to the experiment, all birds were housed individually in Jupiter Parakeet cages (30 cm ϫ 40 cm ϫ 40 cm; Rolf C. Hagen, Inc., Montreal, Canada) in colony rooms. The birds had visual and auditory, but not physical, contact with one another.
Throughout the experiment, birds were housed within individual operant chambers (see Apparatus), maintained on the natural light cycle, and had ad libitum access to water, grit, and cuttle bone. Food was only available as a reward for correct responding in the operant discrimination task; the operant discrimination task was performed throughout the light cycle. Each chickadee had prior experience with auditory discriminations involving natural and synthetic versions of conspecific vocal stimuli (all with natural or synthetic fee-bee songs and some with chick-a-dee call note stimuli), but were naïve to the current stimulus set. For details about diet before and during the experiment, please refer to Guillette, Reddon, Hoeschele, and Sturdy (2011) .
Apparatus. During the experiment, birds lived in modified colony room cages (30 cm ϫ 40 cm ϫ 40 cm). Each cage was placed inside a ventilated sound-attenuating chamber and contained three perches and dispensers for water and grit. The chambers were illuminated by a 9-W, full spectrum fluorescent bulb. An opening on the side of the cage (11 cm ϫ 16 cm) gave each bird access to a motor-driven feeder (Njegovan, Hilhorst, Ferguson, & Weisman, 1994) . Both the feeder and the perch closest to the feeder (request perch) had infrared cells to monitor the position of the bird. A desktop computer connected to a single-board computer (a single circuit board that functions as a computer; Palya & Walter, 2001 ) scheduled trials and recorded responses to stimuli. Stimuli were played from CD through either a Cambridge A300 Integrated Amplifier (Cambridge Audio, London, United Kingdom) or a NAD310 Integrated Amplifier (NAD Electronics, London, United Kingdom) and then through a Fostex FE108 full-range speaker (Fostex Corp., Japan; frequency range 200 -16,000 Hz) located beside the feeder. For more equipment details, please refer to Sturdy and Weisman (2006) . Stimuli were presented at amplitudes of roughly 76 -82 dB as measured by a Radio Shack Sound Level Meter (A weighting, slow response; Radio Shack, Fort Worth, TX) from the position of each bird's head when located at the request perch.
Procedure. Pretraining. After a bird had learned to use the request perch and feeder, pretraining began. Trials continued indefinitely through the duration of the lighted portion of the photoperiod. Landing on the request perch, breaking the infrared beam, and remaining for 1 s on average (range 0.9 s-1.1 s) initiated a trial. During each trial, one of the 92 stimuli (both training and testing stimuli) was randomly chosen without replacement from the pool and played through the speaker. Once all stimuli had been played in a random order, they were again randomized and the procedure repeated. If the bird left the perch during the 2-s playback of the chord (i.e., an interrupted trial), the chamber lights turned off for a 30-s intertrial interval (intertribal interval, ITI), during which no new trial could begin. This ensured that the birds listened to the entire stimulus before making a response. If the bird flew or hopped to the feeder within 1 s after the completion of the stimulus, the bird received 1 s access to food. This was followed by a 30-s ITI with the chamber lights remaining on. If the bird left the perch upon completion of the stimulus, but did not enter the feeder, the trial ended after 1 s and the bird could then initiate a new trial. To prevent each bird from sitting continuously on the request perch and initiating trial after trial, a new trial could only be activated by either leaving and returning to the request perch or waiting for a 60-s ITI. This increased the probability that a bird would make a response on a given trial. Data from this phase were evaluated in 500-trial blocks. Pretraining continued until birds Note. The number of other stimuli that these stimuli were significantly greater or significantly less than is provided.
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6 were going to the feeder on a high proportion of trials (at least 60% of the trials) for at least six blocks and birds were responding with Յ 3% difference to future Sϩ and SϪ training chords (i.e., the major French horn triad compared with all other French horn triads) for at least four blocks. This ensured there were no initial response biases to the stimuli. Training. C root discrimination training was identical to pretraining, but with several critical exceptions. During this phase, birds were presented the French horn triads only. In addition, birds were rewarded only for responding, by entering the food hopper, following presentation of the Sϩ major chord. If they entered the feeder after an SϪ stimulus (all other French horn chords), the chamber lights were turned off during a 30-s ITI. Finally, the reinforced (Sϩ) major chord made up 50% of the trials, and the six other nonreinforced (SϪ) chords (i.e., alterations of the third and fifth) made up equal proportions of the remaining trials (8.33% each). Birds were trained until they each completed six 500-trial blocks (the last two occurring consecutively) in which the Discrimination Ratio (DR) for each chord was greater than or equal to 0.80 (see response measures, above, for DR calculations). Reaching criterion took a variable number of trials for each bird, but ensured all birds were at the same level of expertise before beginning the test phase.
Pretesting. After completing training, we reduced the percent reinforcement from 100% to 85% for correct responses on Sϩ trials. On the other 15% of Sϩ trials, birds no longer received feedback. This step prepared birds for testing, during which no feedback was given on all probe trials. Birds remained on this stage until they completed three blocks of 500 trials with a DR greater than or equal to 0.80 to ensure the change in reinforcement rate from 1 to 0.85 for correct responses to Sϩ exemplars did not hinder discrimination ability.
Testing. Because our birds were in a closed-economy operant schedule (i.e., their daily food came from correct responses in operant conditioning, along with supplemental worms twice daily, see Guillette, Reddon, Hoeschele & Sturdy, 2011) , we needed to ensure there were enough trials with feedback during testing to meet their daily food requirements and minimize stress. Thus, we distributed probe trial types across multiple sessions so that the occurrence of probe trials was relatively rare (less than 10%). We divided the 85 stimuli that were not used in training into five testing sets of 17 stimuli pseudorandomly such that all stimulus types (e.g., reed chords, French horn dyads, etc.) were represented roughly equally within each set. The Sϩ from training, the French horn major chord, was presented 240 times per testing block. Each SϪ chord occurred 40 times per block (total of 240 SϪ trials). The 17 testing stimuli each occurred once per block for a total of 497 trials per block. Each bird was assigned a random order of testing sets and completed at least three blocks of each testing set to be included in the analysis.
Results and Discussion
Training. Chickadees required between 14 and 95 500-trial blocks to reach criterion for all chord types. Figure 4 Testing-Response to novel chords. The lower panel in Figure 3 summarizes the results for the chickadees to the novel timbre probes. If the chickadees transferred what they learned during training, we expected responding would be greatest to the major chord. Overall, however, the discriminative performance of the chickadees was very poor. In comparison to the humans, there was no preference for the major chord relative to the other chord types. Statistical analyses supported this observation. For each novel chord type (French horn, octave transposed French horn, reed, trumpet, violin, sinewave, French horn first inversion, French horn second inversion), we conducted a repeated measures ANOVA with percent response to each chord type as a within subjects factor. If there was a significant main effect of chord type, we then conducted Tukey post hoc tests among the chord types. The only novel timbre that had a main effect of chord type was the 5th octave French horn chords, F(6, 30) ϭ 18.146, p Ͻ .001. Surprisingly, the Tukey post hoc tests with an alpha of 0.05 revealed that the chickadees responded to the major chord significantly less than the minor, aug, flat5, and sharp/sharp chords, in contradiction to their previous training. In addition, chickadees responded significantly less to the sus4 and dim chords than all other chords except the major and each other.
Testing-Response to single notes and dyads. In general, the majority of responses made by chickadees were not made to single notes and dyads that were subcomponents of the major chord, unlike what we found for humans. We conducted a repeated-measures ANOVA for all subjects on responses to all the dyads and single notes (36 stimuli in total). We found there was a This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. 7 significant overall main effect of stimulus type for percent response, F(35, 175) ϭ 22.042, p Ͻ .001. Unlike with response patterns to the chords, we had no a priori hypothesis about differences in responding to the single notes and dyads. Therefore, we conducted conservative Bonferroni pairwise comparisons on stimulus type. We found that the birds responded significantly more to the five flattened (Gb) single than the one flattened/3 unaltered (Cb/E) dyad, and they responded significantly more to both the three unaltered (E) single, and the five flattened (Gb) single compared with the one flattened/3 sharpened (Cb/F) dyad, one unaltered/5 flattened (C/Gb) dyad, three flattened/5 sharpened (Eb/G#) dyad, and the three unaltered/5 unaltered (E/G) dyad. Birds also responded significantly more to the three sharpened/5 unaltered (F/G) dyad than the three unaltered/5 flattened (E/Gb) dyad. Summary. Overall, all chickadees learned the chord discrimination task, in agreement with what we have previously shown (Hoeschele, Cook, et al., 2012) . Again, the chickadees had more difficulty learning chords involving manipulations of the third, especially the minor chord. They showed similar error rates to manipulations of the fifth and manipulations of both the third and fifth, suggesting that the chickadees depend more heavily on the fifth to solve the task.
However, this initial discrimination did not transfer to novel timbres. Responses to novel timbres were not directed to the major chord, as would be expected based on training. In fact, there was very little responding to all test stimuli. This low level of responding should not be attributed to neophobia of testing exemplars, as birds were required to respond to all stimuli, including test stimuli on minimum 60% of trials. It appeared the chickadees simply did not recognize the triadic structure of these new chords. Consistent with this, the birds responded most to single notes that were either not part of the major chord (e.g., the flat fifth (Gb) note) or where the interval that was most difficult for them to use in discriminating triads (i.e., the third (E)). Although chickadees can transfer a chord discrimination to novel pitches within the same timbre (Hoeschele, Cook, et al., 2012) , changing the entire harmonic spectrum of the sound appeared to disrupt their ability to perceive the triadic structure of the chords in this task.
These observations lead us to consider what role the range of harmonics may have played in the discrimination. For example, it could be that the chickadees transferred what they learned to novel chords in our previous task because of similar harmonic patterns rather than because they recognized the triadic pitches. To evaluate what role the harmonic structure of the sounds played in this task, we conducted an acoustic analysis of the stimuli.
In particular, we focused on the presence of frequencies that are relevant to the black-capped chickadee in nature: frequencies found in their two-note tonal fee-bee song, the vocalization used for mate attraction and territory defense (Smith, 1991) . We chose to study this vocalization from this species because it is a learned vocalization with direct fitness implications that has a narrow frequency range (Mennill, Ratcliffe, & Boag, 2002; Weisman, Ratcliffe, Johnsrude, & Hurly, 1990) . Our goal here was to ascertain whether the presence of the frequencies used in the two-note fee-bee song of the chickadee might have influenced responding to the stimuli from Experiment 2. Based on the results of this analysis, we subsequently conducted a different training regime (Experiment 3) with the chickadees, where birds were trained with either multiple pitches, or multiple timbres, prior to being tested with a set of novel stimuli in an attempt to ameliorate the lack of transfer from discrimination training to testing.
Acoustic Analysis Method
The 92 chord stimuli from Experiments 1 and 2 were analyzed using Praat (Paul Boersma, Netherlands). We calculated the relative intensity of the frequency range that is present in the fee note (i.e., the first note) of chickadee song, and the relative intensity of the frequency range that is present in the bee note (i.e., the second note) of chickadee song compared with the rest of each chord, dyad, or single note. In other words, we analyzed how prominent the frequency ranges of these two note types were within each stimulus.
We calculated relative intensity by bandpass filtering each stimulus to contain either just the frequencies within the fee note (mean Ϯ SD; range of 3,394 Hz-4,065 Hz) or the frequencies within the bee note (mean Ϯ SD; range of 2,999 Hz-3,367 Hz) based on measurements from Weisman, Ratcliffe, Johnsrude, and Hurly, (1990) . As a control for the filtering process, each stimulus was also bandpass filtered to contain all the frequencies from 0 Hz-8,000 Hz. The root mean square (RMS; the overall intensity) of each of the three filtered versions of each stimulus was obtained, followed by measuring the relative intensity of the fee note range and the bee note range (i.e., RMS of the signal containing the fee or bee range only/RMS of the signal containing all frequencies from 0 Hz-8,000 Hz).
We then compared these two relative intensity measures (RMS of the fee note range compared with the rest of the chord and the RMS of the bee note range compared with the rest of the chord) with the percent response to each stimulus during probe testing. We examined probe testing only, because training had only one Sϩ, and therefore any aspect that differed between the Sϩ and other chords could have been used to solve training. Because no feedback was given following probe stimuli, examining responses to probe stimuli only allowed us to assess whether the chickadees could potentially have been using a spectral-based, rather than pitch-based, strategy. If the relative intensity of the fee and bee note spectral ranges had an influence on whether the chickadees responded, then we would expect to observe a correlation between the relative intensity and percent response. As a comparison, we compared the relative intensity of the fee and bee spectral ranges with the percent response of the humans as well.
We conducted four Pearson correlations: two for the humans and two for the chickadees. For each species, we evaluated how well the relative intensity of the fee frequency range and the bee frequency range correlated with the overall percent response to probe stimuli averaged across subjects (three trials with each stimulus per subject). For the humans, this meant only including data for each stimulus from subjects that were not trained with that stimulus, for the birds, this meant including all stimuli except the French horn C4 chords (with which they were all trained).
Results and Discussion
For the chickadees, there was a significant correlation between the average percent response to each stimulus and the relative This document is copyrighted by the American Psychological Association or one of its allied publishers.
8 amplitude of the fee frequency range (r ϭ .286, p ϭ .008), and the relative amplitude of the bee frequency range (r ϭ .411, p Ͻ .001). We found that there was no correlation between the average percent response to each stimulus by humans and either the relative amplitude of the fee frequency range (r ϭ .14, p ϭ .897), or the relative amplitude of the bee frequency range (r ϭ Ϫ0.106, p ϭ .314). These correlations suggest that the chickadee's pattern of responding to the probe stimuli might in part be explained by the relative amplitude of the harmonics in stimuli that are shared with the black-capped chickadee fee-bee song. Perhaps when tested with stimuli containing an unfamiliar spectral signature, the birds resorted to responding to frequencies in the spectrum that were biologically relevant. It also suggests that chickadees might have been using an absolute spectral strategy to solve the task. The occurrence of these same harmonics had no correlation to the human pattern of responding, whose responding seems to be more clearly explained by the perception of the relative frequencies of the triadic notes comprising the chords.
Experiment 3: Black-Capped Chickadees
In Experiment 2, chickadees appeared to be listening for spectral energy within a frequency band in order to solve the task. Each chord had a unique pattern of energy in the fee and bee note ranges, and the perception of these patterns is one of many strategies that could have been used to solve the training task. Experiment 1 and 2 used one chord as the Sϩ only, however, so they did not promote a more general strategy to solve the task. Any feature of that chord that was distinct from the other chords could have been used to solve the task, which includes pitch as well as individual partials.
Our goal in this experiment was to create a situation where the relative pitch of notes, rather than spectral frequencies or signature, would be most relevant for solving the problem. This situation was created by increasing the number of Sϩ pitches or timbres. We did this by adding a second phase to the experiment, where chickadees got additional experience with either additional pitches or timbres. This constrained the type of strategies the chickadees could use because they needed to keep track of more than one Sϩ and their varying spectral contents. We thus expected that generalization to novel pitches/timbres would increase with this additional training.
Method
Animals and apparatus. Twelve black-capped chickadees (six male and six female) not used in Experiment 2, served as subjects in this experiment. All birds were captured between December, 2007 and February, 2012 in and around Edmonton, Alberta, Canada (Stony Plain, 53°46 N, 114°01 W; North Saskatchewan River Valley, 53°53 N. 113°53 W; Mill Creek Ravine, 53°52 N, 113°47 W). All birds completed the experiment between May, 2012 and January, 2013. All other details about birds are the same as in Experiment 2. We used the same apparatus as in Experiment 2.
Procedure. All stimuli were produced in the same manner as Experiments 1 and 2. The procedure was also identical up to the end of training, except that there were 504 trials per block instead of 500 to ensure each stimulus played an equal number of times. To avoid overtraining the birds, we also used a criterion of an overall DR of Ն 0.80, rather than requiring that each chord was discriminated at this level, for six blocks of 504 trials with the last two blocks occurring consecutively. After training, the following three phases were added:
Expanded pitch or timbre training. At this stage, all birds continued to be presented with the stimuli from training (i.e., C root French horn chords). All training stimuli had the same contingencies as during training. Half the birds (three males and three females) were additionally presented with novel stimuli that had the same timbre, but different pitches than the training stimuli (D4, E4, F#4, G#4, and A#4 root, referred to as the expanded pitch trained birds). The other half of the birds (three males and three females) were additionally presented with novel stimuli that had the same pitch, but different timbres than the training stimuli (reed, sinewave, trumpet, vibraphone, and violin, referred to as the expanded timbre trained birds). Other than changes to pitch or timbre, the novel stimuli were the same chord types with the same contingencies as training (i.e., major was the Sϩ, minor, aug, flat5, sus4, sharp/sharp, and dim were SϪ) and rewarded stimuli occurred on 50% of all trials, just as in training. All pitches/timbres occurred with equal likelihood. The criterion for completing this stage was the same as training.
Pretesting. As in Experiment 2, after completing expanded pitch or timbre training, we reduced the percent reinforcement from 100% to 85% for correct responses on Sϩ trials. On the other 15% of Sϩ trials, birds no longer received feedback for a correct response. Birds remained at this stage until they completed three blocks of 504 trials with a DR greater than or equal to 0.80 to ensure the change in reinforcement rate when making a correct response to an Sϩ exemplar was not hindering their discrimination ability.
Testing. Testing was conducted the same way as in Experiment 2, with the exception of the stimuli used to probe birds. We used all possible pitch (C4, E4, F#4, G#4, and A#4 root) and timbre (French horn, reed, sinewave, trumpet, vibraphone, and violin) combinations for all chord types. The French horn timbre at a C4 root was used in training for all birds. Some combinations were used for some birds during expanded pitch or timbre training (where either the pitch or timbre changed, e.g., D4 root French horn or C4 root violin), and some combinations were not used during expanded pitch or timbre training (i.e., where both pitch and timbre changed, e.g., D4 violin). Table 3 summarizes this information. In this way we could test whether birds that were trained with multiple pitches could transfer their discrimination to novel timbres and vice versa.
Results
Training. All chickadees learned the initial discrimination, taking between nine and 63 blocks of 504 trials to complete training. As in Experiment 2, and our previous work (Hoeschele, Cook, et al., 2012) , there was considerable variation among birds in terms of how quickly they learned the task. As in Experiments 1 and 2, we conducted a repeated-measures ANOVA looking at the average DR across training for each chord. We found a significant main effect of chord, F(5, 55) ϭ 18.498, p Ͻ .001. Tukey post hoc tests showed that the minor chord (M ϭ 0.60) had a significantly lower DR than all other This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Expanded pitch or timbre training. Similar to our previous work (Hoeschele, Cook, et al., 2012) , we first tested whether the birds showed any immediate transfer to the novel stimuli by conducting binomial tests for each individual bird to determine whether the birds were responding above chance to the Sϩ compared with SϪ (chance ϭ 50% of responses were to Sϩ because 50% of the trials were Sϩ) during the first 504 trial block of training and expanded pitch or timbre training. During the first block of their initial training, none of the birds were responding significantly greater than chance to the major chord compared to the other chords (all zs Յ 0.491, all ps Ͼ 0.2912). However, at the beginning of expanded pitch or timbre training, all chickadees responded more to the major chord compared with all other chords for the C root French horn chords from training (all zs Ն 2.062, all ps Ͻ 0.020). Several chickadees also responded above chance to novel chord sets. Two of the expanded pitch trained chickadees showed immediate transfer: One to the G# chords (z ϭ 2.611, p Ͻ .004), and one to the A# chords (z ϭ 1.952, p Ͻ .026). Three of the expanded timbre trained chickadees showed immediate transfer: two to the trumpet timbre (all zs Ն 2.344, ps Ͻ 0.009), and one to the vibraphone timbre (z ϭ 1.837, p Ͻ .032).
Both the expanded pitch trained and the expanded timbre trained group successfully learned the transfer discrimination. Chickadees took between 14 and 68 blocks to reach criterion. A t test showed there was no difference between the two groups in terms of how many blocks were required to reach criterion, but there was a trend toward the expanded pitch trained group learning the task faster, t(10) ϭ 1.99, p ϭ .075. See Figure 5 for acquisition curves for each group. This trend was not explained by a difference between the groups in the number of blocks to learn the initial task, t(10) ϭ 1.388 p ϭ .195. We conducted a repeated-measures ANOVA for the expanded pitch trained group and expanded timbre trained group separately to compare the DR of each chord (calculated using the major chord of the same type, e.g., D root French horn) across the different pitches or timbres across all transfer trials. We looked across all transfer trials to make the analysis comparable with our analyses for training in the three experiments. We had two within-subjects factors: chord type, and either pitch or timbre depending on the transfer group.
The expanded pitch trained group showed the highest discrimination for the C root chords used during training, but generally had high DRs across pitch for aug and sus4 chords. We found a main effect of both pitch, F(5, 25) ϭ 7.985, p Ͻ .001 and chord, F(5, 25) ϭ 8.017, p Ͻ .001, and also an interaction, F(25, 125) ϭ 3.119, p Ͻ .001. Tukey post hoc tests on the main effect of pitch showed than the DR for the C root chords from training was significantly higher than all other chords, except the G# root chords. Tukey post hoc tests on the main effect of chord showed that overall the aug and sus4 chords had significantly higher DRs than the dim and the minor chords. Tukey post hoc tests on the interaction indicated that the C root chords generally had a higher DR than other chord roots, especially the aug and flat5 chords, whose DRs were higher than almost every other chord. The DR of the D root sharp/ sharp chord and the E root minor chord were also significantly lower than most other chords.
The expanded timbre trained group had the most difficulty with sinewave, followed by the vibraphone timbre. We found a main effect of timbre, F(5, 25) ϭ 7.230 p Ͻ .001, but no main effect of chord, F(5, 25) ϭ 1.257 p ϭ .313. We also found an interaction between timbre and chord, F(25, 125) ϭ 1.733, p ϭ .026. Tukey post hoc tests showed that the sinewave timbre (M ϭ 0.57) had significantly lower DRs than all other timbres except the vibraphone timbre (M ϭ 0.64; all ps Ͻ 0.05). Additionally, the vibraphone timbre had a significantly lower DR than the French horn timbre (M ϭ 0.79; p Ͻ .05). Tukey post hoc tests on the interaction did not show any differences in DRs within any particular timbre. However, many of the sinewave chords had lower DRs than many of the other timbres. The only sinewave chord that did not have a significantly lower DR than any other nonsinewave chord was the sharp/sharp chord. The DRs to the aug, dim, and sus4 chords of the vibraphone were also significantly lower than many of the French horn chords.
Testing. Given that our main motivation for Experiment 3 was whether pitch and timbre influenced how well the birds were discriminating chords, we analyzed an overall DR for each pitch/timbre combination (e.g., the DR comparing responding with the major chord and all other chord types for C root French horn chords or for F# root reed chords etc.; see Figure 6 ). Looking at overall number of responses that were to Sϩ categories and SϪ using z scores for dichotomous data revealed that the expanded pitch trained group responded significantly above chance for all the French horn chords (C root, D root, etc.) , in other words, all the chords they were trained with, but no other chord types. The expanded timbre trained group also did not respond significantly above chance to any chord they were not trained with, but they also failed to respond above chance to the vibraphone and sinewave C root timbres which they had been trained. Note. All Stimuli in the chart were presented as probe stimuli. For each stimulus type, we presented all seven chord types: major, minor, aug, dim, flat5, sus4, and sharp/sharp. Each stimulus was presented three times as a probe stimulus during probe testing. Stimuli marked as "train" were also used for training for all chickadees. Stimuli marked as "timbre" were also used during expanded timbre training. Stimuli marked as "pitch" were also used during expanded pitch training. Stimuli marked as "probe" were never used in any training for any birds.
A repeated-measures ANOVA comparing pitch and timbre as within-subjects variables, and transfer group (i.e., pitch or timbre transfer) as a between-subjects variable found a main effect of timbre, F(5, 50) ϭ 20.520, p Ͻ .001 and pitch, F(5, 50) ϭ 2.621, p ϭ .35, but no main effect of group, F(1, 10) ϭ 0, p ϭ 1. Tukey post hoc tests showed that the French horn timbre had a significantly higher DR than all other timbres and there were no other significant differences between timbres (p Ͻ .05). The only significant difference observed using Tukey post hoc tests examining the main effect of pitch were that the C root chords had a significantly higher DR than G# root chords.
There were also interactions between group and timbre, F(5, 50) ϭ 19.366, p Ͻ .001, group and pitch, F(5, 50) ϭ 8.269, p Ͻ .001, and a 3-way interaction between group, pitch, and timbre, F(25, 250) ϭ 2.545, p Ͻ .001. We examined the interactions between group and timbre, and group and pitch in more depth using Tukey post hoc tests.
Using Tukey post hoc tests, we evaluated the group and timbre interaction. This interaction collapsed across pitch, thus French Figure 5 . Acquisition curves showing the discrimination ratios for each pitch/timbre for the transfer phase of training separately displayed for the expanded pitch trained group and the expanded timbre trained group in Experiment 3. Because each chickadee required a different number of blocks to complete transfer, we Vincentized the data to show the acquisition curves across 10 blocks by averaging across actual blocks into a group of 10 blocks (see Hoeschele, Cook, et al., 2012 for calculations) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
horn chords contained chords from transfer only for the expanded pitch trained group, whereas French horn chords contained novel pitches for the expanded timbre trained group. We found that, the expanded pitch trained group had an overall higher DR for French horn than all other timbres and all DRs for the expanded timbre trained group. Using Tukey post hoc tests, we evaluated the group and pitch interaction. This interaction collapsed across timbres; thus, C root chords contained chords from transfer only for the expanded timbre trained group, whereas C root chords contained novel timbres for the expanded pitch trained group. We found that only the expanded timbre trained group had a significantly higher overall DR for C root chords than any other chords and all chord types for the expanded pitch trained group.
Summary
Our results from training replicate our previous findings (Hoeschele, Cook, et al., 2012) and the findings from Experiment 2: The minor chord was the most difficult for the birds to discriminate. Whether they were transfer trained with pitch or with timbre, a subset of the birds showed immediate transfer to one of the novel chord types. However, given that they did not show more general transfer, this result is likely due to spectral similarity among the trained and tested chords rather than indication that the birds were using pitch relationships to solve this task. We also found that none of the expanded pitch trained birds showed immediate transfer to the D root chords, as they had in our previous study, which may be due to the fact that transfer training here involved many more stimuli and thus was potentially more difficult.
Overall, it also took the birds a similar number of trials to learn a pitch transfer and a timbre transfer. Probe tests indicated that either kind of training did not prepare the birds to recognize novel chords with the same structure. However, in line with our previous results (both from Experiment 2 and Hoeschele, Cook, et al., 2012) , the expanded pitch trained group showed above chance responding to probe stimuli that they had encountered during expanded pitch training. In contrast, the expanded timbre trained group did not, suggesting that it is easier for the birds to transfer what they learned to novel pitches. This is in line with our acoustic results showing that the birds may be attending to the harmonics of the chords, because the spectral differences among timbres of the same pitch are typically greater than those among pitches of the same timbre. Further probe tests showed that none of the birds were able to successfully transfer what they learned to novel pitches or timbres despite additional training.
General Discussion
In the current study, we revisited our chord discrimination procedure from Hoeschele, Cook, Guillette, Brooks, and Sturdy (2012) to test the effects of timbre in chord recognition in both humans and black-capped chickadees. We found that changing the timbre of chords does not change the overall pattern of response for humans, but it did for the chickadees. Based on acoustic analysis, chickadees appear to be attending to the composition of the upper harmonics of the chords. Even with expanded training with additional pitches or timbres, chickadees have difficulty transferring what they have learned in this task to novel stimuli. In our previous study on chord perception using similar methodology (Hoeschele, Cook, et al., 2012) chickadees show savings when they are transferred to a task with a novel key center. However, here we found that transfer to both novel absolute pitches and novel timbres can occur. It may be that this result was due to similar harmonic structure between pitch-and timbre-altered chords. Overall it appears that chickadees are listening to specific harmonic details and show minimal transfer across pitch and timbre.
We know that there are individual differences in blackcapped chickadee vocalizations (e.g., Christie, Mennill, & Ratcliffe, 2004b; Guillette, Bloomfield, Batty, Dawson, & Sturdy, 2010) ; therefore, it is possible that in nature these birds do need to make some generalizations across different timbres. But more pronounced differences in timbre, such as the D notes in a chick-a-dee call, intended for mobbing (Templeton, Greene, & Davis, 2005) , may be important to discriminate from, rather than generalize to, other chick-a-dee calls. Thus, it could be that generally these birds discriminate, rather than generalize, across timbres.
Humans actively make use of different timbres in music. For example, the song "Happy Birthday" is recognizable to us whether someone is singing it or playing it on a piano. Similarly, humans generalize across absolute pitches and rely instead on relative pitch, for example; the song "Happy Birthday" can be started at different pitches, but the relations among the notes stay the same. Relative pitch may be more important than timbre for the black-capped chickadee, however, because their fee-bee song makes use of a relative pitch cue (Weisman Ratcliffe, Johnsrude, & Hurly, 1990 ) that indicates the dominance of the singer (Christie, Mennill, & Ratcliffe, 2004a) . There is also some evidence that black-capped chickadees can use relative pitch to discriminate notes that are separated in time Figure 6 . Results from Experiment 3's probe test with chickadees. The average discrimination ratio (DR) for each pitch/timbre combination separately graphed for the expanded pitch trained group and the expanded timbre trained group. High performance (i.e., responding more to the major chord than the other chords) results in a value near the edge of the graph, and poor performance (responding less to the major chord than other chords) results in a value near the center of the graph. The six corners of the graphs mark the different pitches and each line represents a different timbre.
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making overall harmonic structure, like with chords, unhelpful (Njegovan & Weisman, 1997; . Taking a different perspective, humans, but not chickadees, are a vocal mimicking species meaning they can imitate heterospecifics and environmental sounds. Given limitations of the vocal apparatus, these imitations may be far from perfect in some cases leading to a different overall quality or timbre of the sound (Kelley, Coe, Madden, & Healy, 2008) . Being able to recognize and generalize across these differences between conspecific imitations and heterospecific model vocalizations may be important in vocal mimicking species. For example, in satin bowerbirds (Ptilonorhynchus violaceus) the accuracy with which males imitate heterospecific vocalizations increases male mating success, which the authors suggest may be driven by female preference (Coleman, Patricelli, Coyle, Siani, & Borgia, 2007) . Before assessing the accuracy, the female satin bowerbird would first need to be able to identify which heterospecific vocalization the male was imitating. In other words, the female would need to be able to generalize between the conspecific and heterospecific vocalizations. Because there are likely to be differences in timbre between the original and imitated vocalization, it would be interesting to test a vocal mimicking avian species, the satin bowerbird being just one example, to see how they would fare on this chord discrimination task.
A more parsimonious explanation for chickadees discriminating among timbres but humans generalizing across timbres is that chickadees need to avoid generalizing across vocalizations in order to discriminate them from those of other closely related species. Black-capped chickadees and other chickadee species all utilize their namesake chick-a-dee call, which include notes with fairly similar acoustic structure across species (Hailman, 1989) . Black-capped chickadees, having a broad species home range, often live sympatrically with other Poecile species that produce the chick-a-dee call (Ficken, Ficken, & Witkin, 1978) . In order to avoid species confusion, chickadees should avoid generalizing across these different chick-a-dee calls. Humans do not have closely related species with similar vocalizations. Instead, many groups today often encounter other members of the species with different dialects and accents with whom they need to communicate, making generalization across vocalizations important. Zebra finches (Taeniopygia guttata), a songbird-like chickadees, detect details in the partials of an acoustic signal (Lohr & Dooling, 1998) , which suggests that subtle changes in partials or in the temporal relationships of these partials is a potentially salient cue for songbirds. Additionally, another species of songbird, the European starling (Sturnus vulgaris), deduces a missing fundamental frequency, much like humans (Cynx & Shapiro, 1986) , thus the pitch of a sound may also be salient to songbirds. However, it is unclear whether fundamental frequency plays as significant a role in songbirds as humans. Even if songbirds can deduce a missing fundamental, it may not naturally be the cue that they would rely on when generalizing across sounds. Human adult male and female voice ranges are distinct from one another, but produce the same vocalization at different pitches. In order to generalize across these vocalizations produced by the two sexes, it may be especially important for humans to generalize across pitch. Overall there do not appear to be differences in male and female black-capped chickadees in terms of absolute pitch production (e.g., Charrier, Bloomfield, & Sturdy, 2004 , but see Hahn, Krysler, & Sturdy, 2013 for differences in relative pitch production). Instead, these chickadees depend on absolute pitch to recognize note types in their chick-a-dee call (Charrier, Lee, Bloomfield, & Sturdy, 2005) .
Humans are generally thought to perceive pitch and timbre as two separate dimensions. However, even humans can have difficulty separating pitches, depending on the spectral, temporal, and spatial attributes of a sound (Deutsch, 1999) , and musicians tend to be better able to identify concurrent pitches (Huron, 1989) , so the distinction even in humans may not be completely clear. It is possible that chickadees do not perceive pitch and timbre as dimensions at all, but rather evaluate overall spectral or fine-scale temporal information. The relative pitch cue employed in their fee-bee song from an anthropocentric view appears to be about a pitch-relationship, but because the whistled two-note song has no harmonics, it also has a very simple spectral relationship. Our results from Experiment 2 suggest that what the birds are listening to when comparing chords is not really what we would call pitch, but other spectral features.
The question remains how separable pitch and timbre are for both humans and chickadees. Are they really two dimensions? Or is the fundamental frequency of a sound just a more salient feature of the overall spectral composition for humans? One way to assess this would be to compare how easily participants distinguish intervals between notes that are played simultaneously versus notes that are played separated by time. One problem with this is that the separation in time necessitates a memory component. Another potential route would be to take a much simpler approach and have humans and chickadees discriminate single note stimuli of varying timbres and get generalization gradients based on varying the spectral composition.
An important point of discussion that is relevant to a possible spectral interpretation of chickadee responding is what this means for the overall perception chickadees have of the chords. Are individual chickadees using specific frequencies and ignoring others? Are the chickadees using the synthetic (perceiving the stimulus holistically) or the analytic (perceiving individual component frequencies) mode of pitch perception (Helmholtz, 1954) ? By presenting chickadees with probe stimuli where individual frequency ranges are systematically altered, it may be possible to answer these questions by systematically identifying which frequency ranges impact chickadee responding after training.
What we did find for the chickadees was that the presence of the frequencies from their song predicted whether the birds responded to novel chords or not during Experiment 2. We chose to look at their song because it is a learned vocalization used for territory defense and mate attraction where it is known that pitch plays an important role (Weisman et al., 1990) . Given recent work highlighting the effect of production on perception through the use of mirror neurons (Morton, 2012; Tchernichovski & Wallman, 2008) , it follows that chickadee perception would be enhanced for frequencies used in their song because perception of song activates brain areas that are also activated during song production and therefore can be scrutinized in a more fine-grained manner. It may also be interesting to look in This document is copyrighted by the American Psychological Association or one of its allied publishers.
13 more depth at the frequencies used in other black-capped chickadee vocalizations. For example, the chick-a-dee call appears to at least partially be learned (Hughes, Nowicki, & Lohr, 1998) and pitch also seems to be quite important in distinguishing note types (Charrier, Lee, Bloomfield, & Sturdy, 2005) . However, the frequency range for this call is quite large (the average A note, the highest pitched note, peaks at 7,241 Hz, whereas the average D note, the lowest pitched note, has an average fundamental frequency of 1,638 Hz, Charrier, Bloomfield, & Sturdy, 2004) , and thus it may be difficult to pinpoint a spectral range of importance the way we can with the song.
